The technical feasibility of applying leachbed high-solids anaerobic digestion for reduction and stabilization of the organic fraction of solid wastes generated during space missions was investigated. This process has the advantages of not requiring oxygen or high temperature and pressure while producing methane, carbon dioxide, nutrients, and compost as valuable products. Anaerobic biochemical methane potential assays run on several waste feedstocks expected during space missions resulted in ultimate methane yields ranging from 0.23 to 0.30 L g-1 VS added. Modifications for operation of a leachbed anaerobic digestion process in space environments were incorporated into a new design, which included;
Introduction
This paper presents design and operational information of a proposed solid waste management system based on high-solids leachbed anaerobic digestion. The function of the process is to reduce volume and weight of, stabilize, and recover inorganic nutrients, stabilized compost, carbon dioxide, and methane from biodegradable waste fractions. Focus was on a 600-day exploratory mission (e.g., to Mars) which would require growth of plants as a food supplement as well as for oxygen regeneration. A six-person crew would generate about 10.5 kg/d dw (7.5 kg organic matter) solid wastes, including 9% dry human wastes, 51% inedible plant residues, 5% trash, 19% packaging material, 10% paper, 2% tape, 3% filters, and 0.7% other miscellaneous wastes (Verostko et al., 2001) .
The focus of work presented here was to evaluate a new version of the patented highsolids process Sequential Batch Anaerobic Composting (SEBAC) (Chynoweth and Legrand, 1993) , which was modified to operate under the hypo-and micro-gravity environments of space missions. The SEBAC process uses a combination of solid-phase fermentation and leachate recycling to provide a simple, reliable process that inoculates new batches, removes volatile organic acids, and concentrates nutrients and buffer. The process has been tested on a variety of high-solids feedstocks, including woody biomass, the organic fraction of municipal solid waste, yard wastes, and blends of yard wastes and biosolids (Chynoweth et al., 1992; Chynoweth and Legrand, 1993) . Organic matter is decomposed primarily to methane, carbon dioxide, and compost over a residence time of 10-30 days. The process is very stable, does not require mixing or oxygen, and is resilient after months of being idle without feedstock addition. Since the reactors may be operated at low (ambient) pressures, bulky, high-pressure vessels are not needed.
For space applications, a five-reactor system was envisioned, including one for feed collection and compaction, three for anaerobic composting, and one for post-treatment processing (Figure 1 ). Feed would be collected, coarsely shredded, mixed with station doi: 10. 2166/wst.2006.248 wastewater to give the desired , 35% solids, and compacted to a density of 300 kg dw /m 3 . This collection pre-treatment step would require five days and be conducted in the same reactor used for the entire treatment process. The anaerobic digestion stages (new, activated, and mature) would proceed for 15 days. Biogas from anaerobic composting would be treated to recover carbon dioxide and remove hydrogen sulfide and other contaminants. The methane could be used for energy (e.g., in a fuel cell) or discarded. The final compost would be dewatered, treated 1-2 days with air to oxidize reduced residues, and heated for one hour at 70 8C to ensure inactivation of pathogens. Pathogens would also be inactivated during the anaerobic process and aerobic post-treatment step (Bendixen, 1994) . The final compost and associated nutrient-rich water would be used as a solid substrate and source of nutrients for plant growth.
This project was conducted in four parts, including feed characterization, laboratoryscale feasibility, prototype digester design and optimization, and systems analysis. For this work, several food crop residues were obtained, including wheat, potato, sweet potato, tomato, peanut, and rice. Physical properties of several paper types and crop residues were measured under dry and wet saturated conditions to predict their behavior in a laboratory-scale digester designed for space applications. Biochemical methane potential (BMP) assays were run to estimate the extent and rate of anaerobic conversion. A laboratory-scale reactor was designed, built, shaken down and started up on wheat crop residue. Subsequent runs were conducted on blends of rice residue, paper, and dog food. A fullscale prototype digestion system was built that is designed and sized for processing the wastes generated during an extended mission with a crew of six. This system was used to further refine the design and optimization of the process. A systems analysis addressed the current design of the anaerobic digestion system, its integration with other processes, mass balances, and estimates of equivalent systems mass (described below).
Methods

Feedstock selection and analysis
Based on recent publications (Drysdale et al., 2000; Wheeler, 2001) , the following feedstocks were selected for biochemical methane potential (BMP) assays and digester experiments: † space vehicle: processing wastes from tomato, carrot, cabbage, spinach, chard, lettuce, radish, onion † planetary: processing wastes from wheat, white potato, sweet potato, soybean, peanut, rice † paper: high grade paper and paper products † human feces: simulated (with dog food) Several feedstocks were obtained from various NASA laboratories and contractors as well as a University of Florida researcher. Subsamples were dried and milled to the millimeter size, and analyzed for total solids (TS) and volatile solids (VS). Preliminary estimates of bulk densities were determined on several paper and plant residue samples. The dry weight (dw) per unit volume of water saturated samples was determined after manual compression. Biochemical methane potential (BMP) assays were conducted on several representative solid waste feedstocks to determine the ultimate biodegradability (and associated methane yield) and conversion kinetics during the methanogenic fermentation of organic substrates using methods described by Owens and Chynoweth (1993) .
Laboratory digester system
The terrestrial SEBAC design (Chynoweth et al., 1992; Chynoweth and Legrand, 1993) depends upon gravity for leachate recycling and gas collection. For space applications (including hypo-and micro-gravity), a modified design (SEBAC II) included no-headspace flooded operation and gas separation in an external vessel. Flooded operation permitted forced pumping of leachate between reactors without dependence upon gravity. Only two reactors (described elsewhere; Chynoweth et al., 2002) were required to validate operation in the flooded mode without headspace and external gas collection. The reactors were fabricated from clear PVC pipe. Each had a total working volume of 5.9 L. A 4-L glass aspirator bottle served as a common leachate reservoir and biogas/leachate separator. A temperature of 35 8C was maintained using heating tape. Leachate was drawn from the bottom of the reservoir into the bottom of both reactors via the peristaltic pump. Shredded feedstock blend (2 -5 cm) was placed into a screen basket which was inserted into the digester vessels. An additional screen spacer ring was placed above the screen basket to prevent loss of biomass from the system. After passing up through the solid waste beds and reactors, the leachate and biogas flowed out of the top of the reactors and into the top of the reservoir. Separated biogas flowed out of the top of the reservoir to a wet tip gas meter. The reactor system was run until the gas production rate peaked and then dropped below 1 L of gas per day. At this time, the process of emptying and filling the reactor was repeated. Total solids (TS) and volatile solids (VS) were performed using standard methods. Leachate pH was determined using a model 805 MP pH meter (Fisher Scientific). Methane in the biogas was measured on a gas partitioning gas chromatograph with a thermoconductivity (TC) detector (Fisher Scientific) and compared to an external standard containing N 2 :CH 4 :CO 2 in a volume ratio 15:55:30 (the detector response is linear in the range used). Methane volumes were converted to dry gas at STP. Volatile organic acids (VOA) in the leachate were measured after acidification with phosphoric acid using a gas chromatograph (Shimadzu) with a flame ionization detector.
Prototype digester system
The full-scale prototype system (described elsewhere, Teixeira et al., 2004) consisted of five 187-L digester vessels and two 40-L leachate reservoirs. It was operated in a similar manner as the laboratory digesters described above except gas production was measured using a tipping bucket gas meter. This system allowed for operation of realistic quantities of feedstock and at expected coarse particle sizes and bulk densities. During the course of runs with this system, biomass became compacted to the extent that high pressures developed which prevented adequate circulation. This was overcome by development of an automated system to allow for reversal of flow of leachate to break up compacted residues, relieve pressures, and facilitate leachate management (Luniya et al., 2005) .
Equivalent systems mass
Equivalent system mass (ESM) is a technique by which several physical quantities that describe a system or subsystem may be reduced to a single physical parameter -mass (Levri et al., 2001) . In 1999, ESM was selected as the basis for the NASA Advanced Life Support (ALS) Project Research and Technology Development Metric. The advantage of ESM analysis is that it allows comparison of two life support systems with different parameters using a single scale. ESM may be used to objectively evaluate different systems based on their mass, volume, power, cooling, crew time and resupply requirements. The technology with the lowest ESM value is the most cost-effective option for the mission being considered, provided the options have the same function reliability (Levri et al., 2001) . The computation of ESM depends on the mission being considered. In the ALS Metric, three missions are baselined, namely, Low-Earth Orbit (LEO), Mars Transit, and Martian Surface.
Results
Feedstock processing and analysis
Preliminary studies were conducted at the 1-L scale in beakers to determine the influence of wetting on reduction of bulk density. The results showed that wetting resulted in significant reduction (3 -5 £ ) in the volumes required for given dry weights of several types of paper. Bulk densities exceeding 300 kg/m 3 were obtained. This volume reduction significantly reduced the process reactor size.
Biochemical methane potential data shown in Table 1 indicate that conversion was complete in about 10 -15 days. Based on the final methane yields, the highest conversion was observed for residues from peanut and the lowest for residues from wheat. These data, along with those conducted on paper types in a study by Owens and Chynoweth (1993) , provided a reasonable spectrum of the biodegradability of the feed types expected during space missions. Data for a variety of different feedstocks from are included in Table 1 for comparison. Carbohydrates, the major component of plant residues, have a theoretical methane yield of 0.36 L/g VS. Using this value, it was possible to estimate the conversion efficiencies of tested materials, which ranged from 50 -83%. In general, conversion of peanut and rice residues exceeded 75% and was higher than that of other residues tested. Some plant components (e.g., lignin) are not biodegradable under anaerobic conditions (Chynoweth and Pullammanappallil, 1996) .
Kinetic constants (Table 1) obtained from the logarithmic plots of the BMP data varied by about 2-fold. These data provide an estimate of the potential influence on the kinetics of conversion for a blend of feedstocks and ultimately an estimate of the reactor size and operating conditions. In general, peanut and rice residues exhibited more rapid conversion kinetics than other residues and paper types.
Laboratory digester studies
Laboratory digester performance data for a successful run are presented in Figure 2 for a feedstock blend consisting of rice residue, paper, and dog food at particle sizes representative of that anticipated in a mission-scale system. These feedstocks simulate the types of materials (crop residue, paper, and feces) expected during a space mission. The methane yield was 0.30 L/g VS added and the VS reduction was 85%. Conversion was rapid and more or less complete in 15 days for this feed blend. As a consequence of faster kinetics, the accumulation of a higher concentration of VOAs was observed, but again the VOAs decreased to low levels by the end of the run. The principal volatile acids formed were again acetic and propionic acid.
Mass balances conducted for volatile solids, methane, and carbon dioxide for all three runs resulted in recoveries of 87 -99%, respectively, where some losses could be attributed to CO 2 and residual VOA, which were dissolved in the leachate and therefore not included in the mass balance calculations. For this run, 382 g (VS) of feed blend produced 82 g CH 4 , 202 g CO 2 , and 57.4 g effluent solids, representing a 89% recovery. A mass balance for water gave a recovery of . 99%. In previous work with this system (Chynoweth et al., 1992) , the kinetics of degradation improved over the first 3-5 runs as the population of organisms increased and adapted to the feedstock material, so these results are promising. Figure 3 summarizes progressive experience with the prototype digester. Initial performance of (Run 1) was poor due to: (1) lumping of biomass leading to reduced leachate permeability, (2) reduced contact of leachate with biomass due to channelling, and (3) entrapment of biogas in the reactor. Performance was improved (Run 2) substantially by manual reversal of flow preventing biomass compaction and promoting leachatebiomass contact. Further improvement of performance was achieved by: (1) automating the leachate flow reversal, (2) collecting gas from the top of the digesters as well as the gas-liquid separators, and (3) automating measurement of gas production. These changes improved methane yields, process kinetics, and process stability and reliability. Performance comparable to that observed in the laboratory digester was achieved with a methane yield of 0.3 L/kg and volatile solids reduction of 85%.
Prototype digester studies
Systems analysis
The systems analysis considered SEBAC II for a planetary surface mission. To calculate the ESM, the operation parameters were selected on the basis of experimental results. The system for space applications was anticipated to have a mass of less than 400 pounds (181 kg). Using expected feed volumes (calculated by weight and a packing density of 300 kg/m 3 ) and a rectangular (versus cylindrical) arrangement of five reactors and two water reservoirs, the total reactor volume was calculated to be 2 m 3 . This volume used for ESM calculation might be even lower as the reactors could be filled with miscellaneous supplies until required for use. An energy balance analysis yielded system energy requirements of 3.18 £ 10 4 kJ and a power requirement of 0.37 kW. Anaerobic composting is a net energy producing process. The energy in the form of methane might be used for operation of fuel cells or other energy requirements. This would reduce the power and cooling requirements to zero. Based on practical operational experience, it is assumed that the crew time for operating the SEBAC Figure 2 Performance data of a typical laboratory digester run on rice, paper, and dog food II system is 10 min per day for regular operation, 2 hours per month for inspection and maintenance, and 2 days per year for parts replacement. So crew time ¼ 0.417 h/person-wk.
Conclusions
Research presented here is supportive of the suitability of high-solids leach bed anaerobic digestion for bioregenerative reduction and stabilization of the organic components of solid wastes during extended planetary space missions. It was shown that the volume of representative feedstocks (on a dry weight basis) can be reduced significantly (2 -4 fold or more) by saturation with water followed by compaction. Water for this purpose may be obtained from process recycle water or the station wastewater pool; fresh water is not required. This significantly reduces the reactor size (volume) and mass required for conversion. This work has enabled reduction of the reactor system size from the originally estimated 3.2 m 3 (Verostko et al., 2001) to ,1 m 3 . Compaction of the feedstocks to higher densities (, 300 kg/m 3 ) is a major parameter for influencing the size of this system and giving it an advantage over aerobic composting. Biochemical methane potential assays indicate that expected feedstocks vary in their biodegradability. Since inedible crop residues represent the largest fraction of solid wastes during extended missions, it may be desirable to give preference to crops (or development of varieties) that have highly biodegradable residues. With respect to other solid wastes (e.g. packaging, filters, etc.), biodegradability should be given emphasis in materials selection. Rates of biodegradation determined by this method are also relevant as they directly influence the conversion kinetics of feed blends and the reactor volume and weight requirements. BMPs provide a simple but valuable method for comparing and screening several different feedstocks for methane yield and conversion efficiency and kinetics under standard ideal conditions for anaerobic digestion. Actual performance in a digester is dependent upon design and operating conditions such as residence time and temperature.
The flooded, no-headspace SEBAC II reactor design appears to work well in laboratory experiments. This design can be easily adapted to hypo-and micro-gravity conditions. The flooded design permits leachate recycle through leachbeds without dependence upon gravity. It also permits use of pump pressure to encourage leachate to pass through high density beds with limited hydraulic conductivity. The current reactor design for anaerobic digestion has been in operation without problems for several months. This design requires an external vessel for gas-liquid separation. Under hypogravity conditions, gas would separate from the leachate by gravity. Under microgravity conditions, a gas-liquid separation process (e.g., centrifugal) could be employed. Performance of the system at the laboratory scale exceeded expectations. Conversion efficiencies of 75% and 85% have been obtained at residence times ranging from 15 -25 days, for wheat and a blend of rice residue, paper, and dog food. Performance was stable without a requirement for pH control. In the three runs reported, volatile organic acids accumulated to high values, in one case exceeding 8,000 mg/L. Although the process proceeded without detectable inhibition, process kinetics might be improved by increasing leachate recycle rates to reduce VOA accumulation. Operation of a full-scale prototype system required reverse flow to prevent feed compaction and pressure buildup. Performance of this automated system was stable and comparable to that observed at the laboratory scale. The SEBAC II system uses a combination of solid phase fermentation and leachate recycle to provide a simple, reliable process that inoculates the new batch, removes volatile acids, and concentrates nutrients. It not only operates at low temperatures and pressure, but can also transform the biodegradable waste into resources without production of any noxious odors or pollution, and has the potential for being a net energy producer. The system has a potential ability to perform other functions, including coarse wastewater treatment, air biofiltration, and reformation of carbon dioxide and hydrogen generated by oxygenation from water. With proper integration with other subsystems, it can effectively reduce the total equipment mass and improve the treatment efficiency of wastewater and air purification. Compared to other solid waste management processes evaluated for planetary space missions, the SEBAC II anaerobic composting system had a relatively low ESM value, which indicates to some extent that HSLAD is a cost-effective technology (Xu et al., 2002) .
The technical and economic feasibility of the new SEBAC II process is currently being investigated for conversion of sugar beet process wastes. A typical plant in the USA generates 400 tons per day of wastes. Preliminary results indicate that the wastes are highly biodegradable and suitable for the SEBAC II process, the products of which would offset costs for waste disposal, produce natural gas, and provide compost for the growers .
